Thernno-mechanical reliability issues have been identified as major bottlenecks in the development of future mi croelectronic components. This is caused by the following technology and, business trends. (1) [nm]), a multi-scale method should be used to cover these length-scale differences in an appropriate way. Second, delamination of three-dimensional multi-layered structures should be taken into account Third, the three dimensional geometry of the back-end is complex and, the individual material and, interface properties should be measured accurately. For this purpose, we have developed a numerical framework that takes into account (i) the scale difference by means of a homogenization step (ii) delamination sensitivity between the different materials, and (iii) the complex three-dimensional geometry of the bond pads [6, 18] . Es-pecially the introduction of an energy-based failure criterion the Area Release Energy (ARE) method has proven to be a rather efficient way to evaluate the damage sensitivity of complex multi-material structures in three dimensions. It has also been proven that interface stresses do not provide meaningfull results with respect to the delamination sensitivity thereby confirming the applicability of energy-based criteria, based on principles of fracture mechanics. However, the original ARE method does not calculate the value for the energy release rate, even though it is an energy-based value. The calculated values can therefore not be compared with measured interface strengths. To this end numerical fracture mechanics methods like the J-integral method [II] 
turisation, (2) introduction of new materials, (3) shorter time-to-market, (4) increasing design complexity and decreasing design margins (5) shortened development and qualification times, (5) gap between technology and, fundamental knowledge development [22] It is now well estab lished that for future CMOS-technologies (CMOS065 and beyond) low k dielectric materials will be integrated in the back-end structures [8R] However, bad mechanical integrity as well as weak interfacial adhesion result in major thermo-mechanical reliability issues. Especially the forces resulting from packaging related processes such as dicing, wire bonding, bumping and molding are critical and can easily induce cracking, delamination and chipping of the IC back end structure when no appropriate development is performed [4] . The scope of this paper is on the development of numerical models that are able to predict the failure sensitivity of complex three-dimensional multi-layered structures while taking into account the details at the lo cal scale of the microelectronic components by means of a multi-scale method. The damage sensitivity is calculated by means of an enhanced version of the previously introduced Area Release Energy (ARE) criterion. This enhancement results in an efficient and accurate prediction of the energy release rate (ERR) at a selected bimaterial interface in any location Moreover due to the two scale approach, local details of the structure are readily taken into account. In order to evaluate the efficiency and accuracy of the proposed method, several two-dimensional and three dimensional benchmarks will be simulated The paper focusses on the enhanced ARE method, including several two-and, three-dimensional benchmarks.
I Introduction
The introduction of new low-k materials, such as Black Diamond-I (CMOS090) and Black Diaamond-II(x) (for CMOS065), results in major reliability issues. Especially the latter material, being porous, will drastically reduce the thermo-mechanical performance of the IC stack [4] . Indeed, Liu et al. [14] [nm] ), a multi-scale method should be used to cover these length-scale differences in an appropriate way. Second, delamination of three-dimensional multi-layered structures should be taken into account Third, the three dimensional geometry of the back-end is complex and, the individual material and, interface properties should be measured accurately.
For this purpose, we have developed a numerical framework that takes into account (i) the scale difference by means of a homogenization step (ii) delamination sensitivity between the different materials, and (iii) the complex three-dimensional geometry of the bond pads [6, 18] . Es- pecially the introduction of an energy-based failure criterion the Area Release Energy (ARE) method has proven to be a rather efficient way to evaluate the damage sensitivity of complex multi-material structures in three dimensions. It has also been proven that interface stresses do not provide meaningfull results with respect to the delamination sensitivity thereby confirming the applicability of energy-based criteria, based on principles of fracture mechanics. However, the original ARE method does not calculate the value for the energy release rate, even though it is an energy-based value. The calculated values can therefore not be compared with measured interface strengths. To this end numerical fracture mechanics methods like the J-integral method [II] or the virtual crack closure technique (VCCT1) [17] can be employed However, these methods only provide accurate values for the energy release rate when using proper crack tip meshes, proposed, by Barsoum [3] for the J-integral method, and by Smith and Raju [19] for the VCCT method. As a result, generation of three-dimensional models including these typical crack tip meshes is a cumbersome task to evaluate even one single crack with given location, size and geometry in a structure, as is performed by Wang et al. [21 ] and Lui et a!. [14] . These eral three-dimensional structures. The method, will be explained in more detail in the next section, after which several analytical and numerical benchmarks will be solved, in order to assess the proposed method.
Interface fracture mechanics
In order to give a more fundamental basis to the concepts that will be discussed in this paper, a short outline of interfacial fracture mechanics will be given For more detail, the reader is referred to [10, 15] .
Although Kr1 r 62 + i61 = (I 2 )coshTc E* 2 (6) In our finite element analyses, the ERR has been chosen as crack driving force parameter, which will be calculated by the J-integral method [ 11] . For accurate calculation of the J-integral value, the singularity, denoted by rA, where r is the distance from the crack tip and A is the order ofthe singularity, should be captured properly. For homogeneous materials, for which A = 0.5, Barsoum [3] has shown that the singularity can be described exactly when using so called quarter point elements However, as pointed out by Abdel-Wahab and de Roeck [1] , these elements cannot be used for A values other than 0 5, unless a fine mesh is used. This is confirned by He et al. [9] , who show that for interface cracks, convergence upon mesh refinement is ohb tained, however, with extremely fine meshes for high elastic mismatch values.
Enhanced ARE approach
As was already mentioned in the Introduction one ofthe major disadvantages of fracture mechanics analysis is the necessary assumption of the location shape and size of an initial defect [5] . Especially in the numerical analysis of complex three dimensional geometries inserting these de fects into the model is quite a cumbersome task. The reason for this is the crack tip mesh requirement, which, particularly in three dimensions, is not straightforward to insert in these models. Consequently, most of the analyses are restriced to one or several crack location instead of complete interfaces [ 14, 21] . This has motivated the development of the so-called Area Release Energy (ARE) method [6, 18] .
The ARE value predicts the delamination sensitivity of interfaces without knowing a priori the exact location of the delamination. Instead, the amount of energy is calculated that is released upon delamination for any position along any interface. As a result, an instant overview of the critical areas within any interface through a contour map is given thereby providing a direct comparison between different bond pad designs. The ARE value is calculated for each node i in an interface according to
in which n is the number of nodes that are released within the area Ai around node i (in 2D A = 2ft in 3D A =f2 where 2t is the size of the defect) Fi is the force vector acting on the nodes before release, [ui] is the crack opening displacement vector and t the thickness For more infornation about the ARE method, the reader is referred to [6, 18] . Although this method provides a flexible way to capture the failure sensitivity of complex threedimensional multi-material structures in the sense that critical locations are automatically identified without assuming a predefined location, several limitations have been identified: (i) due to the fact that the energy is calculated from a crack length increase from 0 2/, the method, gives a total energy value. Recalling that the ERR is defined as the energy that is released from growing an existing crack from a to a + da, the ARE values cannot be linked directly to interface strength values. A rather straightforward extension would be to perform an additional VCCT analysis [13, 17] which would then result in the desired ERR values. However, as explained by Ll3I, the VCCT step in 3D requires symmetric orthonormal meshes around the crack front to get accurate results. For non-orthonormal meshes, corrections are proposed by Smith and cracks could. be used;-(c) the main advantage ofthe original ARE method is preserved: flexible energy release calculation in any location at a pre-selected interface 1(x) without modifying the original three-dimensional model.
In the next section, several analytical and numerical benchmarks will be discussed.
Benchmarks
In this section several benchmark problems will be solved using the proposed enhanced ARE method as described. in the previous section. The first three benchmarks are analytical benchmarks. In addition, two numerical benchmarks will be discussed. From a computational time point of view, the local model should be as small as possible, whereas from an accuracy point of view, these dimensions should be as large as possible This trade-off will be studied in these benchmarks, in which the influence of the size of the local models on the resulting ERR val ues will be studied which provides some guidelines for the accuracy and application of the method.
4.1 Penny shaped crack in a uniform infinite medium As a first benchmark, a penny-shaped crack in a uniform infinite medium under remote tensile stress will be discussed The geometry and boundary conditions are given in Fig.2 Fig.2(b) . Notice that the penny-shaped crack front has been modeled using an appropriate three-dimensional crack tip mesh.
To study the N/mm. For this calculation, the local crack model has been generated and is illustrated in Fig.3(b) . It should be noted that the analytical solution requires continuity of the normal strain component E,, at the boundaries at infinity This can be either taken into account by prescrib ing additional stresses at the edges, or to tie the nodal displacements at the edges in xr-direction resulting in freely contracting, but straight, edges The latter option has been used in the presented simulations. Also for this benchmark, the dimensions of the local model have been varied' 5 x 5 10 x 10 and 14 x 14. The ERR is calculated from (9) by using (5). The results are given in Table 2J The simulation results converge to the analytical solution which indicates that the method is quite accurate. This benchmark also illustrates that the method is not restricted to only one The final analytical benchmark is a penny-shaped crack in a bimaterial interface. The geometry and boundary conditions are given in Fig.4 . The analytical solution for the stress intensity factor K to this problem has been provided by Kassir tially equals the local model for the uniform penny -shaped crack, see Fig.2(b) , except for the fact that now two materials are present in the model (see also the right picture in Fig.1 ). Also for this case, the analytical solution requires continuity of rr at the interface boundary at r .oc This has been modeled with nodal tyings at the outer edges, such that (radial) contraction is allowed at the outer edges while the edges remain straight. Another way of achieving this, would be to prescribe additional stresses at the outer edges, as explained by Ayhan et al. [2] . The results of varying local model dimensions are given in Table 3 . It can be seen that the ERR is calculated very accurately and converges to the analytical solution. Indeed, the three benchmark cases confirnm that the proposed two-level ARE method indeed captures the local stress field around any crack front thereby providing ac- For the ARE approach, three different local models have been generated with equal dimensions as the ones for the two-dimensional benchmark (crack 2) and indicated in Fig.6(b) . The calculated ERR values are given in Table 5 . It can be concluded that the results for the threedimensional benchmark are even more accurate than the two-dimensional benchmark. will provide critical locations, whereas the cohesive zone models will subsequently be applied to model to transient crack propagation.
